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One-dimensional consolidation tests, in which the load was cycled be
tween fixed values, were performed on a sensitive Maine clay. Load 
cycling, up to 13 times, caused increased settlement with each cycle, 
but application of a pressure in excess of that applied during cycling 
caused a return to the original virgin curve. Both primary and sec
ondary compression were reduced by load cycling. Pore water pres
sures measured at the base of single-drained specimens were of mea
surable magnitude during secondary compression. 

• CONSOLIDATION of a saturated soil is the time-dependent decrease of soil volume 
due to the escape of water from the void in the soil mass. The classical analysis of 
one-dimensional consolidation (Terzaghi, 16) based on hydrodynamic principles, is 
the most commonly applied predictive method for handling consolidation problems. 
The consolidation experienced by a soil under a particular applied pressure increment 
is shown in Figure 1. The time-settlement curve in this figure is typical for one
dimensional consolidation tests on many cohesive soils. The dash line shows the time
settlement relation predicted by the classical consolidation theory. The portion of the 
consolidation predicted by the classical theory is commonly referred to as primary 
consolidation, and the additional portion is usually called secondary compression. 
Gray (4),Buisman (1), Taylor (15), Leonards and Girault (8) and Wahls (18) are among 
the many investigators who have examined secondary compression. Many hypotheses 
about its causes have been advanced although no generally accepted explanation has yet 
been proposed. 

BACKGROUND 

Effect of Secondary Compression on Time-Settlement Relation 

The characteristic features of secondary compression and its influence on the time
settlement curve are shown in Figure 1. This curve is typical of results reported by 
many investigators. The tneoretical and experimental curves_ usually agree quite well 
until approximately 60 to 70 percent of the theoretical consolidation has occurred. At 
that point the theoretical curve frequently falls below the experimental curve and then 
crosses the experimental curve again when almost 100 percent of the theoretical con
solidation has occurred. For relatively large values of the time, the experimental 
curve becomes linear with the logarithm of time. Although exceptions to linearity have 
been reported (Hanrahan, ~; Palmer and Thompson, Q),Haefeli and Schaad ~) observed 
secondary compression to be linear with logarithm of time for load durations of about 
3 yr. 

The quantitative description of secondary compression is usually given by the amount 
of secondary compression occurring over one logarithmic cycle of time. When the 
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Figure 1. Typical time-settlement curve for one-dimensional consolidation test on 
cohesive soil. 

consolidation curve is expressed in terms of void ratio change, the secondary com
pression is expressed by the coefficient of secondary compression, COi, equal to the 
void ratio change occurring over one logarithmic cycle of time. When the consolidation 
curve is expressed in terms of settlement, secondary compression can be represented 
by the coefficient of secondary settlement, Rs, the settlement occurring over one 
logal'ithmic cycle of time. For one-dimensional compression, these two quantities 
are proportional, and will be used interchangeably hereafter. 

Factors Affecting COi (Rs) 

Considerable research effort has been devoted to the study of the coefficient of 
secondary compression, and the factors affectlng·it. Moran et al. (!Q), Leonards 
and Gir ault (§), and Wahls (!§}found that COi varied with the total pressure applied to 
the soil specimen . A similar result was observed by Ray (H) for three- dimensional 
consolidation in a triaxial compression chamber. However , Taylor ill) and Newland 
and Allely (ll) observed that COi was independent of the total consolidation pressure. 
Gira.ult @, Newland and Allely (li), and Wahls (!.7) all agree that COi is independent 
·of the pressure increment ratio (the ratio of the applied pressure increment to the 
previous total pressure). Gira.ult @ inferred this from the fact that the ratio of sec
ondary compression to primary consolidation, R/R100 (where .H.100 is the amount of 
aottlon,ont nrrn.-.-ina rln.-ina n.-iniOll"V f'nnAnlitfatinn) rlAnAnrfP.n nn thP. nrP.ssuJ·e in-~;~~;~;-;-ati~-i~ th~0 s~;-;;y -~~--i)R~~-.- - ---- " · · · 

It has been suggested in the past (Moran, et al. , lQ; Leonards and Ramiah, fil that 
p.-cln<>rHng .-orlnro., .,.,,.nnrl,..-y rnn,pT'"'""'inn. Tt WOlia: folt thOlt if prP.lm1rling nn~e wnuld 
reduce secondary compression, perhaps cycling uI Lhe load a sufficient nwnber of 
times would completely eliminate it. To shed some additional light on the foregoing 
factors, a laboratory investigation was undertaken to examine the influence uf load 
cycling on the consolidation process. 

LABORATORY INVESTIGATION 

Description of Soil 

The soil tested was a sensitive gray, silty clay with black streaks. from Clinton, 
Maille . Unclistw:bed sa.:mples of the soil were taken with 31/;.i"in. diameter Shelby tubes 
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from a depth of 9 to 11 ft beneath the surface. The results of routine laboratory tests 
indicate the following properties: 

Specific gravity of solids 2. 77 
Liquid limit 33. 0 percent 
Plasticity index 13. 0 percent 
Dry unit weight 91. 4 pcf 
Field water content 30.4 percent 
Organic content 0. 7 by weight (ignition method) 
Sensitivity 7 

The clay appears to have been deposited under marine conditions and subsequently 
uplifted, undergoing some leaching of salts from the pore fluid; it was normally con
solidated and fully saturated. 

Apparatus and Testing Procedures 

All soil specimens were extruded from the 31/a-in. diameter Shelby tubes and 
trimmed to fit snugly into consolidation rings. Fixed-ring consolidometers were used 
for all tests. The brass rings were liberally coated with Dow-Corning silicone grease 
to reduce the effects of side friction. All samples were 21/a in. in diameter and 1 in. 
thick before consolidation. 

Three specimens were consolidated with drainage permitted at both top and bottom 
of the specimens . These tests were carried out in a standard manner using dial gages 
with 0.0001-in. divisions to measure settlements. In addition, one specimen was 
consolidated in a specially modified fixed-ring consolidometer in which drainage was 
permitted only at the top, so that pore water pressure could be measured at the base 
of the specimen. The special consolidometer (Fig. 2) consists of a standard f ixed
ring type of consolidometer with the bottom porous stone replaced by a brass plug 
with a smaller porous stone inserted in it. Two outlets are provided for the water at 
the base leading into temperature-compensated electrical pressure transducers, a 
Dynisco PT 25 with a range of pressure from Oto 100 psi, and a Dynisco PT 85 with 
a range from 0 to 1 psi. This special low pressure transducer was isolated from the 
system by a valve to protect it from overloading. Excitation of the pressure trans
chicers was accomplished with Band F model 110-T input conditioners with zener 
diode regulated voltage outputs. In addition, a thermistor (temperature sensitive 
resistance) was mounted inside the consolidometer underneath the specimen to permit 
observation of temperature. 

Settlement of the specimen was measured by Daytronic 103C-200 linear variable 
differential transformer (LVDT). Outputs from the pressure transducersandtheLVDT 
were fed into Varian G-14 strip-chart recorders, and recorded continuously as a 
function of time. It was possible to record accurately pressure changes as small as 
that created by 1/• mm of water when using the PT 85. Settlements of 5 x 10- 6 in. 
could also be observed. Temperature changes were recorded on a Bausch and Lomb 
V . 0. M. 5 strip-chart recorder and could be observed with an accuracy of 0. 05 C. 

Accuracy of the recorded variables was continually checked. The zero setting of 
the pressure transducers was checked daily. Correct calibration of the pressure 
transducers was verified every second or third day. The LVDT and thermistor cir
cuits were calibrated before the test started and checked at the end of the test. No 
variations were observed in the response of the various transducers of sufficient mag
nitude to influence the results. 

Description of Tests , 

The cyclic loading was accomplished by applying pressure increments to the soil 
to some predetermined pressure on the virgin curve. The soil was rebounded in the 
standard manner to a predetermined pressure, with each rebound increment remain
ing at least 24 hr. Press·ure increments were then reapplied, in the same manner as 
for the initial loading until the previous maximum pressure was reached. In this way, 
one cycle was completed. The process was repeated for all additional cycles. 
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Figure 2, Single-drained consolidometer with provisions for pore water pressure and 
temperature measurement . 

Max. Press. Specimen Befor e Cycling No. (kg/cm2
) 

1a 11. 50 
2a 22.99 
3a 5.75 
4b 7.54 

"Double drained. 
bsingle drained. 

TABLE 1 

SUMMARY OF TESTS 

Cyclic Loading 

Min. Press. Max. Press . 
(rebound to) (reload to)· 

(kg/ cm2
) {kg/cm2

) 

1.44 11. 50 
2.87 22.99 
o. 719 5.75 
0.228 7.54 

No. of Duration 
Recomp. of Test 
Cycles (days) 

13 215 
13 211 
13 213 

3 80 

A pressure increment ratio of approximately 1 was used for all tests. On all initial 
loadings and for t he first few reloadings, U1e pressure increment duration was 48 hr . 
During later load cycles , when the time to 100 percent consolidation was very s hort , 
t hP. time was reduced to 24 hr. Each of the specimens was cycled over a different range 
of pressure to obtain an indication of the influence of the magnitude of pressure on tne 
results. 

'T'able 1 gives a summary of the tests reported. At the end of 13 recompression 
cycles, specimens 1 and 3 were loaded to a total pressure of 22. 99 kgisq cm before tne 
final rebound. Specimen 4 was loaded to 15. 05 kg/sq cm after 3 recompression cycles. 

TEST RESULTS 

Settlement-Pressure Relationships 

The relationship between settlement and pressure after 24 hr under a given load 
inc ·ement is shown in Figures 3 through 5 for specimens 1- 3. (Figure 3c also shows 
the effect of load cycling on time- settlement curves for double- cll'ained specimen 1.) 
The curve in Figure 6, for specimen 4, is for settlements at the Casagrande 100 per
cent consolidation point. Results of the cyclic loading are shown in detail in Figures 3b, 
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Figure 7. Effect of number of recompression cycles on net settlement. 

4b, 5b, and 6 for the four specimens , where the reloading curves are shown as heavy 
lines and the rebound curves as lighter lines to facilitate interpretation. The net dis
placement for each hysteresis loop decreases as the number of cycles increases. In 
addition, there is a decrease in the size of t.he hysteresis loops for each successive 
cycle of loading. 

The net reduction in sample thickness for each load cycle is shown as a function of 
the number of recompression cycles in Figure 7. The results do not definitely indicate 
whether the net settlement will approach zero after some large number of cycles. Ten
tative extrapolation of the results suggests that at least 50 cycles would be required to 
reduce the net settlement to zero . 

At the end of 13 load cycles for specimens 1 through 3, and three load cycles for 
specimen 4, the specimens wer e loaded to the next higher pressure. Figures 3a, 5a, 
and 6 show that the settlement-pressure relationship returns to the virgin compression 
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curve. Since continuous pore water pressure measurements were made at the base of 
specimen 4, it was possible to estimate the average effective consolidation pressure 
at each point during the increment. This was done using the expressions presented by 
Perloff et al. @ for the pore water pressure distribution throughout a consolidating 
specimen which include the influence of flexibility of the pressu1·e measuring system 
on this distribution. The method by which these equations have been used to determine 
the average effective consolidation pressure is given in the Appendix . With the average 
effective consolidation pressw·e known, the shape of the settlement-pressure cw·ve 
between the end points can be determined for the last applied pressure increment, and 
is shown in Figure 6 as the portion of the curve indicated by the small rectangles. It 
appears that load cycling has a prestressing effect on the soil, since the preconsoli
dation pressure determined from this curve is distinctly higher than the previously 
applied maximum pressure. This is not surprising since the void ratio is less than 
that on the virgin cw·ve under the initial loading. This effect appears similar to the 
"quasi-preconsolidation pressure" reported by Leonards and Ramiah (fil andLeonards 
and Altschaeffl CT) for consolidation te:sts in which a given pressure has remained on a 
specimen much longer than the ordinary time increment. 

Coefficient of Secondary Settlement (Rs) 

The coefficients of secondary settlement, Rs, are shown in Figure 8 as a function 
of the effective consolidation pressure for the initial loading for the four specimens. 
The magnitude of Rs increases as the effective consolidation pressure increases to a 
pressure of approximately three times the preconsolidation pressure, at which point 
the magnitude of Rs remains more or less constant. This result is consistent with 
data presented by Leonarda and Girault ® and Wahls (ll) for one-dimensional con
solidation tests, and data presented by Ray lli) for triaxial consolidation tests. 

These data imply that the magnitude of Rs is independent of the length of the drainage 
path for a given specimen thickness because the values of Rs are the same for speci
men 4 as for the other three specimens, even though specimen 4 was single-drained 
and 'the others were double-drained. 

The influence of load cycling on the magnitude of Rs is shown in Figure 9, where 
the ratio of Rs at the end of the nth load cycle, Ran, to Rs for t he initial loading at that 
pressure, R81, is a function of number of recompression cycles. The magnitude of 
Rs is reduced to about 36 to 38 percent of its initial value in the first recompression 
cycle. As the number of recompression cycles increases, Rs decreases to approxi
mately 5 to 8 percent of its initial value, at which point it remairll:i e1,1:seullally constant 
with continued load cycling, at least for the number of cycles observed in the study. 
The curves appear quite similar even though ead1 curve corresponds to a different 
magnitude of load. Furthermore, there does not seem to be any effect of length of 
drainage path, for a given specimen thickness, on the ratio R8n/R8 ·. 

The effect of load cycling on the ratio of the coefficient of secon~y settlement, Rs, 
to the amount of settlement occurring during primary consolidation, R

100
, was intro

duced by Girault (~ as an indicator of the shape of the time-settlement curve. Asmaµ 
value of Rs/R100 indicates a curve which approximates the theoretical curve. A large 
value uf R8/R

100 
!u~~~ntcs substa..~tial devietic...t1 from t~~ TA,.7.~e;hi r.urve; particularly 

at times near and after the 100 percent point. Girault found that R8 /R100 was a func
tion of the pressure- increment ratio. He reported results of tests on Mexico City and 
B dfm.' cl clays and showed that Rs/ R100 varied from 0. 8 to 1. 0 at a !)l'P.S'-llrP.- increment 
ratio of approximately 0.15. The ratio R8/R100 decreased rapidly as thepressure 
increment ratio increased, with values as small as 0. 05 to 0.1 at a pressure-increment 
ratio of 3. At a pressure-increment ratio of one, Girault (l) found that R8 /R100 va.riell 
from approximately O. 05 to 0.15. Table 2 gives the magnitude of Rs/R100 at each pres
sure for the initial and recompression cycles for specimen 4, tested at a pressure
increment ratio of approximately 1. Due to the hydraulic loading arrangement used for 
testing this specimen, the actual pressure-increment ratio varied from O. 87 to 1.12. 
Almost all of the values of RsfR10o- lie between 0.1 and 0. 2, indicating that the shape of 
the time settlement curve is essentially the same after cycling of the load as before . 
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TABLE 2 

EFFECT OF LOAD CYCLING ON R /R FOR SPECIMEN 4 
S 100 

Pressure Initial Cycle 1 Cycle 2 Cycle 3 (kg/cm 2
) Increment 

0.216 0.071 
0.465 0.062 0.114 0.110 0.133 
0.903 0.230 0.112 0. 090 0.114 
1. 918 0.185 0.099 0.081 0.094 
3. 580 0.206 0.114 0.100 0.095 
7. 540 0.160 0.186 0.157 0.151 

15.050 0.191 



10 

It appears that whatever prestress effects are induced by cycling of the load, the sec
ondary compression is affected in essentially the same way as the magnitude of pri
mary consolidation. 

Pore Water Pressure Dissipation as a Function of Time 

The classical consolidation theory is formulated in terms of pore water pressure 
dissipation. Void ratio changes are inferred from the assumption that volume changes 
of the soil mass are proportionalto the pressure dissipation. According to the classi
cal theory, pore water pressure dissipates to zero at the end of primary consolidation. 
Many investigators have attempted to determine if, in fact, this is the case. Hanrahan 
(§) and Girault @ presented data indicating that the pore water pressure approaches 
zero shortly after primary consolidation has ceased. Crawford~) showed results 
suggesting that pore water pressure at the base dissipated to zero after about 1 day 
for specimens which reached 100 percent consolidation (as determined by the Casa
grande construction) in 100 to 200 min. 

Curves of pore water pressure dissipation as a function of time are shown in Fig
ures 10-13 for a typical initial pressure increment and the three corresponding re
compression increments, along with the time-settlement curves . The theoretical pore 
water pressure dissipation curves were determined using the expression presented by 
Perloff et al. 01) to account for the effect of system flexibility on pore water pressure 
measurement at the base of one-dimensional consolidation specimens. System flexi
bility is especially important when the soil has been highly precompressed by cyclic 
loading because the stiffness of the measuring system relative to that of the soil 
structure is substantially reduced. The reason for the extremely low peak pore water 
pressure in Figure 10 is that the hydraulic loading arrangement used in these tests 
experienced some lag in following the specimen deformation for the initial increment 
when deformations were relatively large. 'fhis did not seem to be asmuchofaproblem 
in the recompression increments as indicated by the relative agreement between the 
peak magnitude measU1·ed and theoretical pore water pressures shown in Figures 11 
through 13. 

The pore water pressure at the base of the specimen does not decrease to zero, fo1• 
the time duration shown in Figures 10-13, even though the theoretical 100 percent 
consolidation points for the recompression increments occur at approximately 10 min. 
Increments have been carried out for as long as 72 hr without observation of zero pore 
water pressure. However , at very long periods of time, when the exct!1,;:,; 1-101·e water 
pressure has dissipated to less than 2 cm of water, small variations in temperature 
cause variations in the magnitude of pressure greater than the magnitude of the pres
sure itself. Figure 14 shows the variations in temperature at the base of the 1;1pecimen, 
pore water pressure at the base, and settlement over a 4-hr period starting approxi
mately 35 hr after the application of the pressure increment. A moderately rapid 
reduction in temperature causes a corresponding reduction in pore water pressure and 
a slackening of the settlement curve. With moderately rapid temperature fluctuations 
(Fig. 14), the pressure may even become negative for very small values of pressure 
un.til the ten1peratwc decrcusc occ"..!~S ~ta red1...?.ced !'ate, ~eas~~

1 
or hP.r.omP.R a 

temperature increase. Although the general trends of the time-settlement and time
pore water pressure curves are unchanged, it is obvious that at very small pressures, 
:s111all t~n1pe1~ature variations tend to musk the results. It seems !ik~ly that the.8P. 
changes occurring over short time spans are probably due to exparu,ion and contraction 
of the water in the specimen and in the cavity underneath the porous stone. It appears 
here that not only the temperature but the rate of temperature change is particularly 
significant. This can be seen by observing the close correspondence of the breaks in 
the pressure and settlement curves with changes in rate of temperature change. Pres
ent tests are being conducted in a specially prepared constant temperature chamber 
which will insure constant specimen temperature within :1: 0. 05 C. 

In spite of the influence of temperature changes at very small pressures, the data 
indicate that the pore water pressure at the base does not dissipate to zero, at least 
over the time span measured. 
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CONCLUSIONS 

Based on the foregoing results, the following conclusions can be drawn, at least 
for one-dimensional consolidation tests on a sensitive undisturbed clay: 

b 
<I 

' ::, 

1. Pore water pressures exist and are of measurable magnitude during secondary 
compression. The pressure at the base did not go to zero for as long as the tests were 
conducted. 
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2. Cyclic loading produces a net settlement for each cycle. However, the net set
tlement decreases as the number of cycles increases and approaches a very small value . 
The data available do not indicate whether a zero net settlement will result from a suf
ficently large number of load cycles. 
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Figure l4. Effect of temperature on pore water pressure at base and settlement during 
secondary compression. 

3. Load cycling reduces the amounts of primary and secondary compression to a 
small fraction of their initial magnitudes under a given load. However, the cycling does 
not appear to affect the shape of the time-settlement curve, as expressed by the ratio 
Rs/R100· 

4. The settlement-pressure curve returns to the original virgin curve after load 
cycling. The load cycling appears to induce a prestress effect since the return to the 
virgin curve is characterized by the presence of a "quasi-preconsolidation pressure" 
larger than the actual pre consolidation pressure. 

5. The limited data available indicate that the coefficient of secondary settlement, 
Rs, is independent of the length of drainage path for a given specimen thiclmess. 

6. The flexibility of the pore pressure measuring system becomes significant when 
the soil is subjected to load cycling, due to the low value of compressibility for the 
highly precompressed soil. Use of the theoretical expression from Perloff et al. ~ 
assists in accounting for this effect. 

7. Temperature effects are important, even for small temperature variations, when 
very low pore water pressures are measured during secondary compression. 
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Appendix 

METHOD FOR DETERMINING AVERAGE EFFECTIVE CONSOLIDATION PRESSURE 

To determine the shape of the settlement-pressure curve for a given pressure in
crement, it is necessary to know the average effective consolidation pressure at a 
given time, (a~\, defined as 

(a' ) - a - (u ) ct - c avg t (1) 

wh~re !!\; i,c:; th~ ~ppl_i~n vP.rtical consolidation pressure. and (u,:rnO')t is defined by 
-·o ... 

H 

(uavg\ = ~ J u (x, t\ dx (2) 

X = 0 

where xis the depth from the top of a one-dimensional consolidation specimen, His 
the thickness, u (x, t)t is the pore water pressure isochrone corresponding to time t. 

The expression for u (x, t) for a one- dimensional consolidation test in which pore 
water pressures are measured at the base of the specimen, with a .flexible system is 
given by Perloff et al. @ as 
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(A + 1,2/ A ) sin A - t7 AX -A2 T 
u (x, t) n n n . n n 

sm ~e (3) 
(A 2 + ,,,2 + 11) sin A n n 

where 

u = initial uniform pore water pressure for o < x < H (equal to applied pressure 
0 increment, .6.a ); 

AHm 
'T) = T = stiffness of measuring system relative to that of soil skeleton; 

A = specimen area; 
H = specimen thickness; 

m = the coefficient of volume compressibility of the soil; 
V 
;I. = volumetric compliance of pore water pressure measuring system, i.e. , the 

system volume demand per unit pressure change; 
A = positive roots of the A tan A = 17; n n n 

e = base of natural logarithms; and 
C t 

T = w= a dimensionless time factor. 

Eq. 3 was derived on the basis of the classical hydrodynamic consolidation assumptions 
about soil properties. 

Substituting Eq. 3 into Eq. 2 and integrating gives the theoretical expression for 
uavg: 

u = 2u l: 
avg o n = 1 

(A + 172/ A ) s in A - t7 -A2 T 
-...:an'--_--=n'------0----- (1 - cos A ) e n 

A (A 2 + 172 + 'T) ) sin A n 
n n n 

(4) 

When 'T) = 00 , Eq. 4 reduces to the Terzaghi (!§) equation for a single drained speci
men. 

The theoretical value of the measured pore water pressure at the base (Perloff et al. , 
!ID is 

00 

= 2u :E 
0 n = 1 

(A + 173 
/ A ) sin A - 'T) ___ n""------=n ___ --n____ e 

A~ + '172 + 'I'/ 

-A2 T 
n 

Solving Eq. 5 for u0 and substituting this into Eq. 4 gives the average pore water 
pressure in terms of the measured pore water pressure at the base: 

00 (A + 172 
/ A ) sin A - t7 -A2 T 

:E n n n (1 - cos A ) e n 

n = 1 A (A 2 + 172 + 11) sin A n 
n n n 

uavg = u meas 
00 (A + 1,2/ A ) sin A - 'T) - A2 T 
:E n n n n e 

n = 1 A~ + 1)2 + 'TJ 

( 5) 

(6) 
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Figure 15. Comparison of average pore water pressure determined theoretically and 
experimentally. 

Thus, if the measured pore water pressure at the base of the specimen is known, the 
average pore water pressure, and therefore the effective consolidation pressure, can 
be determined. 

If the measured value of umeas were identical to that predicted by Eq. 5, then 
Eqs. 4 and 6 would lead to identical results. In such a case, it would not be necessary 
to measure pore water pressures to know ac . However, when the measured and theo
retical pore wat r pressures at the base are not equal, Eqs . 4 and 6 lead to very dif
ferent results. This is illustrated in Figure 15, which shows the relationship between 
uavg and time, as predicted by Eq. 4, and as predicted by Eq. 5 using the measured 
pore water pressure, for tJ1e last pressure increment applied to specimen 4(Fig. 6). 
The relationship determined from the measured pressures is not the same as that from 
puJ.·ely theoretical considerations. 

The validity of Eq. 6 depends on the assumption that the relationship between uavg 
and umeas will be the same at a given time factor, even if the magnitude of umeas is 
different from that predicted by theory. This assumption is probably reasonable, at 
least for time factors i;reater than 0. 1 (t = 0. 26 min for this increment) , because the 
ratio of the two series in Eq. 6 changes very little as the time factor changes, when 
T > 0.1. 




